ABSTRACT Diel feeding activity of third and fourth instars of Anopheles quadrimaculatus Say were studied in a Michigan permanent pond. This Þeld study examined the consumption of microbial and microinvertebrate food resources over a diel (24-h) period between two habitats (open water and vegetated areas). A ßuorochromatic stain (4,6-diamidino-2-phenylindole) was used to quantify microbial dietary components within larval guts and habitats. Microbial analyses show that bacteria were the most abundant food type, followed by detritus, algae, and invertebrate parts/protozoans (IPP). Larval consumption of cladocerans was signiÞcantly greater at midnight than noon. Larval gut analyses examined every hour over a 24-h period provided signiÞcant evidence as to the approximate time larvae switch microinvertebrate dietary resources. Habitat had a signiÞcant effect on microinvertebrate consumption by An. quadrimaculatus larvae. Larvae consumed more water mites and rotifers in the open water areas than vegetated zones. We found that An. quadrimaculatus larvae do not preferentially feed on microinvertebrates over a diel period, however, larvae may feed selectively on rotifers in open water habitats. Knowledge of the "feeding area" or microhabitats, with respect to where and when larvae optimally forage as well as particle sizes and food types consumed in the natural habitats will enhance the success of bacteria and other particulate larvicides.
Anopheles quadrimaculatus SAY mosquito larvae inhabit permanent ponds in eastern North America and were responsible for the transmission of human malaria before disease eradication in this region (Carpenter and LaCasse 1955) . Larval anophelines aggregate at airÐwater interfaces (surface microlayer) of plant stems and algal mats Resh 1989, 1992) , and feed on food particles from the surface microlayer by using the collecting-Þltering feeding mode (Merritt et al. 1992a) . Studies of interfacial feeding by Anopheles larvae have indicated that small particles are entrained in currents generated by the lateral palatal brush Þlaments (Rashad and Mulla 1990, Merritt et al. 1992b) . Large particles also may be caught up in these currents or may be discarded by a quick turn of the head (Merritt et al. 1992b ). Larval feeding "success" could be a function that Anopheles larvae invoke an active method of Þltering and collecting food particles, with an energetic expenditure dependent on particle size and shape (Wotton 1990 ). An important determinant of mosquito larval distribution and feeding success is the distribution of food resources within the surface microlayer (Walker and Merritt 1993) . This thin zone (Ͻ1 mm) of the water column contains abundant concentrations of nonaggregated bacteria, plant detritus associated with bacterial aggregates, and amorphous organic material (Walker and Merritt 1993) .
The nature of the microbial components and nutrients available as food for Anopheles larvae found within the surface microlayer and in gut contents has been documented in few studies (Walker et al. 1988, Walker and Merritt 1993) . The inßuence of habitat on the microorganism diversity within this microlayer may be directly related to temperature (Dommerogues et al. 1978) . Wallace and Merritt (1999) found that "open" water habitats were signiÞcantly warmer than vegetated habitats and also found that food quantity and quality can exert a signiÞcant effect on mosquito growth, but there is a paucity of information on the spatial and temporal characterization of anopheline food resources over a diel period. Although the total amount of potential food rarely seems limiting in natural ecosystems (Sweeney 1984) , the actual amount of high-quality or preferred food of an aquatic insect may be limiting to certain species at speciÞc times of the year (or perhaps over a 24-h period), or in different habitats, or limited due to density-dependent interactions among congeners or other culicids (Carpenter 1983, Grill and Juliano 1996) .
Few, if any, manipulation studies of feeding habitat have been conducted where diel feeding activity has been recorded for larval mosquitoes. An understanding of the concentration and distribution of the dietary resources available to larval An. quadrimaculatus in microcosms over a diel period will help clarify the relationships among food availability, larval distribution within habitats, and sequential sampling for control decisions.
Our study focused on the diel feeding activity of third and fourth instars of An. quadrimaculatus in a permanent Michigan pond. The objectives were to 1) identify and quantify microbial food sources of larvae between two habitats (open water and vegetated areas) over a diel period; 2) determine whether larvae consumed microinvertebrate food items and compare feeding on this food resource between habitats, and; 3) determine whether consumption of microinvertebrates varied over a 24-h period. From previous studies (Wallace and Merritt 1995) , we observed that An. quadrimaculatus larvae consumed signiÞ-cantly more cladocerans in an open water zone versus a vegetated area. We hypothesized that larval consumption of microinvertebrates would not differ over a diel period between or within microhabitats.
Materials and Methods
Study Site. The study was conducted in a permanent pond, located Ϸ8 km south of Michigan State University at the Collins Road Entomology Field Laboratory, Ingham County. The pond is part of a permanent marsh and has an area of Ϸ2.25 ha (Wallace and Merritt 1999) . Two speciÞc habitats were compared: an open water zone and a vegetated area composed of emergent cattails, Typha latifolia L., both of which have been described by Wallace and Merritt (1999) .
Field Microcosms and Larval Collections. An. quadrimaculatus larvae were maintained in Þeld microcosms for all diel periodicity (24-h) experiments. Microcosms were used to ensure that larvae used in the experiment had begun feeding in their respective habitats upon the start of the experiments. Microcosms were constructed from 4-liter clear plastic, round containers (20.3 cm in diameter ϫ 25.4 cm in height) as described by Wallace and Merritt (1999) . Each microcosm was capped with a lid to exclude ovipositing female mosquitoes. Microcosms were placed in each habitat for 2 d to allow the surface microlayer to develop before larval introductions.
To ensure that third and fourth instars used in experiments had empty guts, initially, larvae (second instars) collected from the Þeld were placed in Þeld microcosms (n ϭ 125 larvae per microcosm) until they molted into third and later fourth instars. Larvae were collected from the Þeld with a 250-ml plastic mosquito dipper, maintained in a plastic collection bucket and transported to the laboratory for analysis.
Two habitats (open water zones and vegetated areas and two treatments per habitat (algae present and no algae) were used for all diel experiments. Because earlier studies Resh 1991, 1992) showed that anopheline larvae use aquatic vegetation for predator avoidance, we examined the role vegetation might have on food resources and diets. Algae (Þlamentous green algae) treatments consisted of a 5 ϫ 5-cm piece of ßoating algae cut from a mat and rinsed in distilled water. Three replicate microcosms for each treatment were placed randomly within an open and vegetated area of the pond.
Microbial Composition Experiment. For this experiment, Þeld microcosms were stocked with 125 second instars of An. quadrimaculatus and maintained until third and fourth instars were present. Microcosms were checked at noon and midnight each day for 7 d, and any third and fourth instars were removed for dissection. They were killed immediately in boiling water and preserved in 4% formalin at 4ЊC. All larval gut and surface water samples collected for microbial composition were analyzed within 1Ð2 d postpreservation.
In the laboratory, the food bolus from each gut was dissected and the gut contents removed and separated from the peritrophic membrane by several washes with distilled water. The contents were pipetted into a sterilized 2 dram vial. Distilled water was added to the vial to bring the total volume to 2.5 ml. The contents of the vial were mixed with a vortex mixer for 20 s to break up large aggregates of material formed in the digestive tract, but not long enough to rupture any cells.
To identify and enumerate the microbial components of each larval gut, 1 ml of sample was removed and stained with 4,6-diamidino-2-phenylindole (DAPI) (Porter and Feig 1980) . By using epißuores-cence microscopy technique, direct counting methods were used to enumerate and identify Ϸ200 particles of bacteria (rod and cocciform), algae, invertebrate parts/protozoans (IPP), and detritus from 15 Þelds of each sample. Bacteria were counted at 1000ϫ magniÞcation, whereas algae, IPP, and detritus were enumerated at 430ϫ magniÞcation. This technique has been used successfully to identify the microbial components of larval mosquito guts and habitats (Walker et al. 1988, Walker and Merritt 1993) . Algae, invertebrate parts, and protozoans were identiÞed using keys from Prescott (1978) and Thorp and Covich (1991) .
To determine whether Þeld microcosms had any effect on the microbial food resources available to An. quadrimaculatus larvae, a separate Þeld assay of the surface microlayer inside and outside of the microcosms was conducted (J.R.W., unpublished data). Before larval introductions, surface microlayer water samples (n ϭ 6) were collected with a modiÞed HarveyÐBurzell glass plate method (Norkrans 1980) , preserved and analyzed for microbes as described above.
Diel Microinvertebrate Experiments. These experiments were designed to quantify the microinvertebrate components within the food bolus of An. quadri-maculatus larval guts and to determine whether larvae were consuming different microinvertebrates at different times over a 24-h period (diel period). Microinvertebrate analyses were performed on third and fourth instars. Before the start of this experiment, early third instars were collected in the Þeld and transferred to the laboratory for further preparation. Preliminary experiments indicated that a 24-h period was sufÞcient for larvae to clear all microinvertebrates from their guts. Therefore, larvae were placed in 1-liter sterile, plastic containers with 250 ml of distilled water, kept for 24 h at a photoperiod of 16:8 (L:D) regime and 23ЊC, to void all microinvertebrates larger than 100 m. Larvae were then returned to the Þeld and placed in ßoating Þeld microcosms in open water and vegetated habitats (three replicates per habitat). Control microcosms in both habitats contained no additional materials, whereas, treatment microcosms contained a 5 by 5-cm portion of Þlamentous algae. Third and fourth instars were collected from the Þeld microcosms at noon and midnight over a 3-d period, killed immediately in boiling water and taken to the laboratory for dissection. Microinvertebrates were identiÞed and enumerated under a binocular dissecting microscope. In the Þrst trial of 1995, 48 third instars (12 per treatment) and 48 fourth instars (12 per treatment) were dissected, whereas in the second trial, 57 third instars (14 per treatment) and 53 fourth instars (13 per treatment) were examined.
Habitat Analysis. To examine whether larvae select speciÞc microinvertebrates or feed randomly, we conducted a survey of microinvertebrates within the surface microlayer of open and vegetated areas. Sampling was undertaken at noon (n ϭ 10 per habitat) and midnight (n ϭ 10 per habitat) with a modiÞed HarveyÐ Burzell glass plate technique (Norkrans 1980) . Samples were preserved in 0.5-liter plastic bags and transported to the laboratory for microinvertebrate identiÞcation and enumeration. By comparing the relative abundance of different microinvertebrates in the two habitats at noon and midnight, we were able to determine whether An. quadrimaculatus actively select speciÞc prey items.
Hourly Consumption Analysis. To more accurately examine larval consumption of microinvertebrates over a 24-h period, we conducted a Þeld experiment to examine the hourly consumption of microinvertebrates over a 24-h period. Fourth instars were collected before the experiment, starved for 24 h, and placed into Þeld microcosms in open water and vegetated areas. Three larvae were collected every hour from both habitats, killed in boiling water, preserved in ethanol and taken to the laboratory for dissection. Microinvertebrates were identiÞed and enumerated from each gut sample.
Statistical Analyses. Differences in microbial and microinvertebrate concentration between habitats for the dietary experiments conducted at noon and midnight were examined using two-way analysis of variance (ANOVA) (P Ͻ 0.05 signiÞcant). When significant F-ratios were obtained, FisherÕs protected least signiÞcant difference specialized t-test of the means was used to test differences between means (Super Anova 1989). As a conservative measure to adjust probability levels to control for error in multiple tests, a Bonferroni correction was applied. Data were Log 10 or arcsine/square root transformed for analyses to stabilize variances when necessary.
Results
Four categories of food resources were identiÞed in third and fourth instar guts: bacteria (rods and cocciform), algae, IPP, and detritus (Table 1) . Third and fourth instar diets did not differ signiÞcantly in the consumption of most food items. However, third instars collected at midnight had consumed more rod bacteria and more detritus than fourth instars. The consumption of cocciform bacteria, algae, and IPP did not differ signiÞcantly between third and fourth instars over a 24-h period.
The total number of bacteria (rods ϩ cocci) and detritus particles found within larval guts were all signiÞcantly greater at midnight than noon (Fig. 1) . Furthermore, larvae consumed signiÞcantly more rod bacteria in the vegetation area (control and algal clump) than the open water zone (control and algal clump) (F ϭ 3.86, P Ͻ 0.015) (Fig. 2) . There was a signiÞcant difference in the time ϫ treatment interaction of larval detritus consumption, i.e., larvae consumed more detritus at midnight across all treatments (F ϭ 4.84, P Ͻ 0.015). No other signiÞcant interaction differences were observed.
In both trials, larvae consumed signiÞcantly more cladocerans at midnight than noon (Fig. 3) . Larval consumption of mites, rotifers, and ceratopogonid larvae did not differ during this period. Larvae consumed signiÞcantly more mites (F ϭ 4.74, P Ͻ 0.013) in the open water area during the Þrst trial (Fig. 4) . Consumption of mites (F ϭ 5.85, P Ͻ 0.013) and rotifers (F ϭ 14.34, P Ͻ 0.013) was signiÞcantly greater in open water during the second trial. In the second trial, there was a signiÞcant time ϫ treatment interaction, i.e., more rotifers were consumed at noon in the open water area than in the vegetated zone (F ϭ 3.38, P Ͻ 0.013).
Densities of water mites, rotifers, and copepods in surface microlayer water samples did not differ signiÞcantly between noon and midnight (Fig. 5a ). However, cladoceran numbers were not signiÞcantly greater at midnight than noon (F ϭ 4.30, P Ͻ 0.03). Water mites (F ϭ 14.79, P Ͻ 0.03) were signiÞcantly more abundant in open water than vegetated areas, whereas copepods (F ϭ 76.31, P Ͻ 0.001) were signiÞcantly more numerous in the vegetated habitat (Fig. 5b) . Cladoceran and rotifer abundance did not differ between habitats. There were no signiÞcant interactions between time and treatment.
Larval consumption of cladocerans showed a bimodal peak during 2100 Ð 0900 hours in open water and vegetation habitats, with the greatest numbers of ingested cladocerans (n ϭ 18 from three larvae) being found at 2300 hours in the open water. In contrast, larval consumption of water mites was lowest during the night in both habitats. Larvae consumed more mites than cladocerans from 1000 to 1600 hours in open water and vegetated habitats (Fig. 6 ).
Discussion
Although anopheline food resources have been quantiÞed in various microhabitats, e.g., algal mats, emergent plant stems, and open waters (Wallace and Merritt 1995 , Smith et al. 1998 , Vásquez-Martṍnez et al. 2002 , there have been no reported results regarding quantitative dietary sources over a diel period. The densities of bacteria determined from direct counts in the gut contents of larval An. quadrimaculatus were consistent with densities observed in previous studies (Walker et al. 1988, Wallace and Merritt 1995) . Within third and fourth instar guts, bacteria were the most abundant food type, followed by detritus, algae, and invertebrate parts/protozoans. Mean densities of rod bacteria and detritus were higher in third instar guts. Diel differences across the food types were fairly consistent, i.e., bacteria, algae, and detritus abundance was signiÞcantly greater in larval guts collected at midnight than noon.
Some algae, mainly diatoms were found little digested or not at all in larval guts. This Þnding is not surprising because the presence of particular organisms within larval guts does not prove that they are a food resource, i.e., processed. Clements (1992) and Laird (1988) noted that up to 75% of ingested algae may be unaffected by larval mosquito digestive processes. Vásquez-Martṍnez et al. (2002) considered similar proportions of cyanobacteria found in the surface microlayer compared with Anopheles albimanus Wiedemann larval guts and indicated that this food resource was indigestible. However, this does not exclude all cyanobacteria as a potential food resource for Anopheles larvae. For example, Vásquez-Martṍnez et al. (2002) found that a different species, Phormidium animalis, was adequate to rear Ϸ70% of An. albimanus from Þrst instar through pupation, indicating that although not an optimal food choice, Anopheles larval populations can survive on such dietary items. Indeed, it is possible that some microbial components are quickly digested and therefore are not counted as food items.
Larvae reared in a vegetated area consumed more rod bacteria than did larvae in open water areas. We found that larvae consumed more IPP in open water areas than in vegetation areas. Although vegetated areas may provide a refuge for anopheline larvae from predation Resh 1989, 1992) , these areas may provide different food choices for An. quadrimaculatus larvae as observed in this study. It is this difference in food choices that may lead to differences in adult size and survivorship upon emergence (Wallace and Merritt 1999) .
A potential food source in a single biotope or microhabitat can be highly complex, and its composition and/or presence may change dramatically with time (Clements 1992 ). An. quadrimaculatus larvae con- sumed numerous types of microinvertebrates, e.g., water mites, cladocerans, and rotifers over a diel period. It is important to note that early studies on anopheline food resources did not record such dietary sources (Coggeshall 1926 , Senior-White 1928 , Hinman 1930 . We found that larvae consumed more cladocerans at midnight than at noon. This signiÞcant difference in diel periodic feeding activity by larvae on cladocerans was due to greater densities of cladocerans at the water surface at midnight. Cladocerans are known to vertically migrate on a diel basis, most likely to obtain food and/or avoid predation (Bayly 1986 ). Larval gut analyses as observed on an hourly basis showed that larval consumption of cladocerans follows such a diel vertical migration. Larvae exhibited a dietary shift around 10 a.m. consuming more mites than cladocerans and continued such a trend until Ϸ6 p.m.
Most reports suggest that mosquito larvae are not very discriminatory in the types of food they ingest Merritt 1980, Merritt et al. 1992a ). However, laboratory studies have indicated that limited sizes of particles are ingested (Dadd 1971) , and food particle selection may be related to morphological and behavioral adaptations (Harbach 1977 , Merritt et al. 1990 ). Third and fourth instars of An. quadrimaculatus consumed an array of microinvertebrates, e.g., water mites (Eylaidae: Eylais sp), cladocerans, rotifers (Keratella sp.), and copepods (Wallace and Merritt 1996) . Water mites and cladocerans were estimated to be Ϸ0.3Ð 0.8 mm in size and were usually found either whole or in pieces. This size range falls within the ingested particle size range for collecting-Þltering insects such as An. quadrimaculatus (Merritt et al. 1992a ). Third instars consumed signiÞcantly fewer microinvertebrates than fourth instars; however, this may have been a function of microinvertebrate size and larval mouthpart morphology (Rashed and Mulla 1989) . Size-selection models predict that size-dependent predators (such as anopheline larvae of this study) should select prey that increase in size until difÞculty in handling and increased probability of escape outweighs the returns of eating larger prey (Zaret 1980) . The consumption of microinvertebrates by third instars may be limited in part by the size of the food organism as well as the instar.
The ingestion of microinvertebrates or their carcasses represents a potential "hijacking" of food resources via tertiary consumer feeding mechanism and would document a new pathway for trophic interactions among anopheline larvae separate from the "collector-feeding" mechanism thought to be used by these mosquitoes (Wallace and Merritt 1980) . This feeding mechanism may enhance survivorship and adult size at emergence. Daugherty et al. (2000) found that invertebrate carcass additions to the larval diet of Aedes aegypti (L.) in container habitats resulted in signiÞcantly shorter development times for males and female adults. During preliminary experiments, we found that An. quadrimaculatus larvae were able to consume live or dead microinvertebrates such as water mites. A larval anopheline diet rich in microinvertebrates dead or alive may be higher quality food due to the their lower C:N ratio in addition to the possibility that decomposition of dead microinvertebrates may harbor greater bacterial populations as suggested by other investigators (Cloe and Garman 1996, Daugherty et al. 2000) . The consumption of a potentially rich food source such as microinvertebrates may not only inßuence population dynamics during the warmer months but also inßuence overwintering success for anopheline species through enriched lipid reserves in adult female mosquitoes.
Our study examined habitat use from an ecological viewpoint in terms of larval diet between microhabitats. We found that habitat had a signiÞcant effect on microinvertebrate consumption by An. quadrimaculatus larvae in both feeding trials. In the Þrst trial, larvae consumed more water mites in the open water areas than vegetated zones, a reßection of the higher density of water mites inhabiting the surface microlayer within the former habitat and consistent with habitat use in other marshes (Campeau et al. 1994) . The second trial showed that more water mites and rotifers (Brachionidae: Keratella sp.) were consumed in the open water area than the vegetated zone. The greater difference in rotifer abundance between the Þrst trial and the second may be due to natural population ßuctuations caused by microhabitat changes and trophic status of the pond between July and August (Edmondson and Litt 1982) . The surface microlayer analysis revealed that water mites were more abundant in open water areas than vegetated zones and conversely, copepod abundance was greater in vegetated zones than open water areas. Therefore, our study showed that An. quadrimaculatus larvae do not preferentially feed on microinvertebrates over a diel period; however, larvae may feed selectively on rotifers in open water habitats.
An. quadrimaculatus larvae normally feed on bacteria and detritus (Walker and Merritt 1993) ; however, this is the Þrst documented case that at certain times of the day larvae may be feeding on resources much larger and more difÞcult to ingest such as water mites, rotifers, and copepods. Torres-Estrada et al. (2002) found that biochemical compounds such as monoterpenes and sesquiterpene released by predatory copepods induced female Ae. aegypti mosquitoes oviposition within these areas. The spatial and temporal distribution of anopheline larvae may be a function of volatile compounds released by these microinvertebrates serving as an attractant for larval feeding.
A number of control strategies have been developed in recent years for larval mosquitoes. Several of the more recent mosquito biological control agents, such as bacteria (Bacillus thuringiensis variety israelensis [Bti] and Bacillus sphaericus) and fungi (e.g., Lagenidium giganteum) must be ingested by larvae to be effective (de Barjac and Sutherland 1990) . Perhaps, knowledge of the "feeding area" or where the larvae forage and optimal particle sizes and food types ingested by larval mosquitoes in the natural habitats will enhance the success of Bti and other bacilli as particulate larvicides (Aly 1983 , Dahl 1988 ) as well as potential invertebrate predators.
